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Conclusions: The Drosophila par-1 gene plays at least two essential roles
during oogenesis; it is required early in the germline for organization of
the microtubule cytoskeleton and subsequent oocyte determination, and it
has a second, previously described role late in oogenesis in axis formation.
In both cases, par-1 appears to exert its effects through the regulation of
microtubule dynamics and/or stability, and this finding is consistent with
the defined role of the mammalian PAR-1 homologs.
Background Drosophila oocyte determination is an excellent model
system for addressing the mechanisms governing cellularA fundamental property in the development of most eu-
karyotes is the generation and maintenance of cellular asymmetry. Oogenesis is initiated in Drosophila by an
asymmetric stem cell division that regenerates a stem cellasymmetry. The developmental mechanisms underlying
this process address a key question in cell biology and and produces a daughter cell termed the cystoblast. The
cystoblast subsequently undergoes four rounds of syn-developmental genetics, which is how genetically identi-
cal cells differentiate into functionally and biochemically chronous division with incomplete cytokinesis. This series
of events results in a 16-cell germline cyst that is intercon-distinct cell types. Asymmetric cell division is one com-
mon mechanism by which cellular diversity is achieved nected through stable intercellular bridges termed ring ca-
nals [7]. During these divisions, one pole of each mitotic[1–4]. Cell fate diversity in both C. elegans and Drosophila
has been linked to asymmetric cell division in which spa- spindle associates with a germline-specific structure called
the fusome, which anchors the spindle pole and thustially oriented and cytologically unequal mitotic divisions
lead to the partitioning of cell fate determinants from the provides orientation during mitotic divisions and ensures
an invariant stereotypical pattern of division and intercel-mother cell to a single daughter cell at cytokinesis [5, 6].
Given the importance of the microtubule cytoskeleton in lular connections within the 16-cell cyst [8, 9]. Oocyte
determination occurs within the 16-cell cyst whereby onecytoplasmic organization and intracellular transport within
polarized cell types, factors regulating microtubule dy- of the two cells with four ring canals is singled out to
differentiate into the oocyte, whereas the remaining 15namics likely play an integral role in the mechanism(s)
regulating cellular asymmetry. cystocytes differentiate into highly polyploid and biosyn-
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thetically active nurse cells. Prior to oocyte determination, a scaffold for the assembly of a polarized microtubule
array and aid in the establishment of a directed transportthe two cells with four ring canals initiate differentiation
as pro-oocytes by entering meiotic prophase I and accu- to the pro-oocyte. In support of this notion, mutations in
the fusome components a-spectrin, b-spectrin, ankyrin, andmulating centrioles. This observation indicates that there
is directional transport within the cyst [10, 11]. Initially, hts [26–28] that block or disrupt fusome formation also
disrupt spindle orientation and the pattern of ring canalthe two pro-oocytes appear equivalent; however, one cell
invariantly becomes the oocyte through the differential connections [8–9, 26, 27, 29]. In the case of a-spectrin and
hts it has been demonstrated that mutations in these genesaccumulation of specific oocyte differentiation factors
such as Bicaudal-D (Bic-D) and oskar mRNAs [12–15] and abolish fusome formation and often lead to defects in cyst
formation and oocyte differentiation [28, 26]. Moreover,Bicaudal-D (Bic-D), Egalitarian (Egl), Orb, and fs(2)Cup
proteins [13, 16–19], while the remaining pro-oocyte re- the microtubule motor dynein, encoded by the dynein
heavy chain 64C (Dhc64C) gene, associates with the fusomeverts to a nurse cell fate.
in a cell cycle– dependent manner and is required for
The polarized transport of molecules through the ring fusome integrity, cyst polarity, and oocyte determination
canals and into the presumptive oocyte occurs along a [29]. Recent studies reveal that oocyte determination is,
polarized microtubule array originating from a microtu- however, more complex than a simple microtubule trans-
bule-organizing center (MTOC) in the oocyte. This port system since the synaptonemal complex (SC), which
MTOC nucleates a microtubule network that extends identifies the meiotic pro-oocyte, is restricted to a single
through the ring canals into the 15 nurse cells of the cyst cell of the 16-cell cyst in a microtubule-independent man-
[11, 20]. Both genetic and pharmacological studies directly ner [30].
implicate the microtubule cytoskeleton in occyte determi-
nation. Depolymerization of the microtubule cytoskele- Members of the PAR-1/MARK/KIN1 family of serine/
threonine protein kinases have been shown to functionton through the use of drugs such as colchicine leads to
a 16–nurse cell phenotype, which implicates microtubule in generating cellular asymmetry and polarization in a
variety of systems [31–35]. Mutations in C. elegans par-1structure as an important component of the oocyte deter-
mination mechanism [21]. Furthermore, genetic analysis lead to a symmetric first division of the zygote and block
segregation of P granules as well as other determinantsof the Bic-D and egl genes reveals that both are required
for oocyte determination as well as the formation of an along the anterior-posterior axis [31]. Two recent studies
in Drosophila reported the molecular characterization andactive MTOC within the presumptive oocyte [22, 12, 13,
23, 20]. This indicates that Bic-D and Egl mediate the phenotypic analysis of hypomorphic Drosophila par-1 al-
leles [32, 33]. These studies reveal that par-1 is requiredeffect of the microtubule cytoskeleton on oocyte determi-
nation by maintaining the microtubule network after the in the establishment of anterior-posterior polarity within
the egg chamber and, subsequently, within the embryo.initial polarity has been established.
Shulman et al. [32] further demonstrated that these phe-
In order to define the pro-oocyte as the site of microtubule notypic defects arise from a disorganization of the oocyte
nucleation and to assemble a polarized microtubule array, microtubule cytoskeleton. These results indicate that
a polarity within the germline cyst must be first estab- PAR-1 homologs in Drosophila, C. elegans, and mammalian
lished. One possible origin for this polarity may be the systems share a conserved function in the generation of
asymmetric segregation of the spectrosome, a germline cell polarity [32]. Here we report the identification and
organelle rich in membrane skeletal proteins that is the phenotypic analysis of a null allele of par-1 and its role
precursor to the highly branched vesicular fusome [8, 24]. in early oogenesis. Phenotypic analysis of germline clones
The asymmetric partitioning of the spectrosome at the for a null allele reveal that PAR-1 is required within the
first cystoblast division is thought to polarize the fusome germarium for generating cyst polarity and oocyte differ-
during the subsequent three divisions, which in turn may entiation as well as microtubule organization.
direct the formation of an active MTOC within only one
of the two pro-oocytes [24]. During the four cystocyte Results
PAR-1 is a component of the fusomemitoses, one pole of each mitotic spindle is anchored in
the fusome, and following each mitosis fusomal material We independently identified and cloned the Drosophila
homolog of par-1 (Figure 1a,c), a member of the PAR-1/accumulates in place of spindle remnants. This generates
a highly branched structure that extends through the ring MARK/KIN1 kinase gene family [32,33]. To investigate
the role of PAR-1 in oogenesis, we generated a polyclonalcanals into all cells of the cyst [8, 24]. The anchorage of
the mitotic spindle pole to the fusome is believed to antibody against a portion of the linker region that is
shared by all predicted protein isoforms (T.-Q. S., Y. N. J.,ensure the stereotypical pattern of interconnections be-
tween cells after division [25], and this in turn generates and L. T. W., submitted). Consistent with previous stud-
ies [32, 33], staining with the PAR-1 antisera reveals thata polarized cyst and, ultimately, oocyte differentiation.
Therefore, the polarized fusome may somehow provide PAR-1 is expressed in both the germline and the soma.
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Figure 1
Molecular analysis of Drosophila par-1. This
schematic representation of the par-1
genomic locus indicates transcript
organization, P-element insertion, and
domain composition. (a) For simplicity, a
single par-1 transcript is presented in which thin
horizontal lines represent introns and
rectangles represent exons. Exons encoding
59 and 39 untranslated regions (gray), the
N-terminal domain (purple), the kinase
domain (red), the linker region (black), and the
conserved C-terminal domain (blue) are
represented. The approximate insertion site of
the l(2)k06323 P-element in the second
intron is indicated. (b) A diagram of the
sequences deleted in the par-1D16 allele reveals most of the linker region of the par-1 transcript. with identical color coding to that used in (a).
a complete deletion of the kinase domain and (c) Domain composition of the par-1 transcript
PAR-1 germline expression is first detectable in the germ- canals (Figure 2d–f). In the soma, PAR-1 is asymmetrically
localized to the basolateral membrane of the folliculararium, where it is localized to the fusome (Figure 2a),
a highly branched structure rich in membrane skeletal epithelium. In apical cross section, PAR-1 is cortically
localized in follicle cells (Figure 2g), and in transverseproteins such as the Adducin-like hu-li tai shao (hts) gene
product [26–28]. PAR-1 colocalizes with the fusome com- sections PAR-1 is enriched along the basolateral mem-
branes of follicular epithelia (Figure 2h, arrowhead). Thisponent HTS (Figure 2b,c). Subsequently, during cyst
development, PAR-1 colocalizes with actin to the ring pattern is highly similar to that observed for the mamma-
Figure 2
PAR-1 is localized in both the germline and
soma during oogenesis. A wild-type
germarium double labeled with (a) PAR-1
antisera (green) and (b) 1B1 antisera (red)
reveals that PAR-1 (c) colocalizes with the
fusome-specific antigen 1B1 to the
spectrosome (Sp) and fusome (Fu) during
early oogenesis. This indicates that PAR-1
is a novel component of the fusome. A wild-
type ovariole double labeled with (d) PAR-1
antisera (green) and (e) rhodamine-
conjugated phalloidin (red) reveals that
PAR-1 (f) colocalizes with filamentous actin
in ring canals of developing germline cysts.
This reveals that PAR-1 is also a component
of ring canals in the germline. In addition to
the specific localization of PAR-1 in the
germline, PAR-1 displays a polarized
localization in somatic follicle cells. (g) High-
magnification view of an apical cross section
of the follicle cell monolayer covering a stage
9 egg chamber stained with PAR-1 antisera
(green) and counterstained with Oligreen to
visualize nuclei (red). PAR-1 appears cortical
in all follicle cells. (h) The follicular epithelium
of a wild-type stage 10 egg chamber labeled
with PAR-1 antisera reveals an asymmetric
localization of PAR-1 to the basolateral
membrane (basal is up) of follicle cells
(arrowhead). (i) To verify the specificity of egg chambers were counterstained with expression is abolished. This indicates the
the PAR-1 antisera, we generated follicle cell PAR-1 antisera. In the wild-type twin spot, specificity of the PAR-1 antibody since a
clones by using a protein null allele of par-1. PAR-1 is localized cortically (arrow). However, protein null allele can abolish expression in a
Follicle cell clones are identified by the in par-1 mutant follicle cells that lack nuclear follicle cell clone.
absence of nuclear GFP expression. Clonal GFP expression (arrowhead), PAR-1
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lian PAR-1 homolog MARK, which is also localized baso- egg chambers contain the normal number of 16 cells;
however, all of these cells develop as nurse cells as indi-laterally in cultured epithelial cells [34]. To control for
the specificity of the affinity-purified PAR-1 antisera, we cated by their polyploid nuclei (Figure 3a–c). Mosaic egg
chambers that contain wild-type germline cells sur-analyzed PAR-1 expression in homozygous mutant germ-
line and somatic cell clones of a protein null allele rounded by a monolayer of par-1 mutant follicle cells give
rise to normal germline cysts of 15 nurse cells and a single(par-1D16 ; Figure 1b). PAR-1 basolateral staining was com-
pletely eliminated in the mutant follicle cell clones (Fig- oocyte (data not shown). Phenotypic analysis of germline
mosaic egg chambers further reveals a par-1 dependenture 2i, arrowhead), and fusome and ring canal expression is
similarly lost in mutant germline clones (data not shown). block at stage 5 to stage 6 of oogenesis (Figure 3d; [7]).
These results taken together clearly demonstrate that
par-1 is required in the germline to regulate oocyte differ-
par-1 is required in the germline entiation.
for oocyte differentiation
Previous studies of hypomorphic alleles of par-1 revealed
a role in establishing anterior-posterior polarity in egg Germline cyst polarity and ring canal pattern
are disrupted in par-1 mutant cloneschambers and subsequent embryonic axis formation [32,
33]. To investigate whether par-1 function is required To analyze how oocyte determination is blocked in par-1
mutant egg chambers, we first examined how removingearlier in oogenesis, we generated a protein null allele in
par-1 (par-1D16; Figure 1b). The par-1D16 allele originates PAR-1 affected the formation or structure of the fusome
and ring canals to which PAR-1 localizes within the germ-from the imprecise excision of the l(2)k06323 line and is
homozygous embryonic lethal. This allele contains a 16 line (see Figure 2). We examined the morphology of fu-
somes in par-1 mutant cysts by double labeling germariakb deletion removing most of the coding sequences 39 of
the P-element insertion; the deletion includes the entire with nuclear GFP and monoclonal anti-Hts antibody 1B1,
a marker for the fusome [38]. In wild-type germaria (Fig-kinase domain and the majority of the linker region (Fig-
ure 1b). The fact that this allele is embryonic lethal indi- ure 3e), a spherical fusome or spectrosome (Sp) is present
in germline stem cells and cystoblasts. Following cys-cates an additional function for par-1 during zygote devel-
opment. Therefore, to determine the role of par-1 in toblast division, the fusome (Fu) undergoes a morphogen-
esis from a spherical fusome in the cystoblast into a polar-early oogenesis, we generated mosaic egg chambers whose
germline cyst was homozygous mutant for par-1D16. We ized, branched structure in the 2-, 4-, 8-, and 16-cell cysts
[24]. Analysis of par-1 mutant clones reveals that par-1 isused the FLP/DFS technique [36] to generate both par-1
mutant and wild-type germline clones. The germline phe- not required for formation of the fusome (Figure 3e) and
that, furthermore, fusome morphology was indistinguish-notype of par-1 mutant clones was largely indistinguish-
able from that of control ovoD females when we analyzed able from wild-type clones within the same germaria.
Therefore, while par-1 is not required for fusome forma-them by DAPI staining to reveal nuclear morphology (data
not shown). In either case, there were no vitellogenic tion, the defects in cyst development and oocyte determi-
nation suggest that par-1 may nevertheless play an impor-oocytes observed, and mutant females failed to produce
any eggs. In control experiments using an FRTG13 chromo- tant role as a component of the fusome in establishing
and/or maintaining cyst polarity (see Background).some not bearing a par-1 mutation, wild-type clones give
rise to numerous developing oocytes and mature eggs
(data not shown). These results indicate that par-1 is
The ring canals are stable intercellular bridges that main-required early in the germline for oocyte development.
tain the connection between all cells within the 16-cell
germline cyst. In wild-type germline cysts, the pattern of
ring canal connections is highly invariant; one of the twoTo further characterize the germline requirement for
par-1 function during oocyte specification, we repeated cells with four ring canals invariably differentiates to form
the oocyte, while the remaining 15 cells become nursethe mosaic analysis in the absence of ovoD. We used the
FLP/FRT technique [38] to generate par-1 mutant germ- cells. Therefore, the pattern of ring canal connections
reflects the spatial pattern of the cystoblast mitotic divi-line clones, which are marked by the absence of nuclear
GFP expression (see Materials and methods). We coun- sions [39]. To analyze the size, formation, and spatial
distribution of ring canals in par-1 mutant clones, weterstained mosaic egg chambers containing homozygous
par-1 germline clones with the chromatin marker propid- compared wild-type and mutant germline cysts and egg
chambers stained with rhodamine-conjugated phalloidinium iodide to determine the number and size of the nu-
clei. We compared mosaic egg chambers lacking par-1 in to visualize the filamentous actin component of ring ca-
nals. In wild-type germaria, each 16-cell germline cystgermline cells with control egg chambers, which retain
par-1 expression in both germline and follicle cells. Con- displays a stereotypic pattern of ring canal connections
(Figure 3f). In region 2b, when the germline cyst flattenstrol egg chambers invariably contained 15 nurse cells and
a single oocyte (data not shown). In contrast, par-1 mosaic out across the width of the germarium, the spatial distribu-
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Figure 3
par-1 is required for establishing cyst polarity
and for oocyte differentiation. To analyze
par-1 function during oogenesis, we
generated germline clones in a protein null
allele of par-1. Confocal Z-series projection of
the same stage 6 mosaic egg chamber
labeled with (a) nuclear GFP and with (b) the
chromatin marker propidium iodide. (a) The
absence of nuclear GFP in germline nuclei
indicates this egg chamber is null for par-1
in the germline. (b) Propidium iodide staining
of this mosaic egg chamber reveals 16
polyploid nuclei. (c) A merge of panels (a) and
(b) reveals that par-1 is required in the
germline for oocyte differentiation since all 16
germline nuclei display a polyploid nurse cell
phenotype. (d) A par-1 mosaic ovariole labeled
with nuclear GFP reveals a block at stage 5
(S5)–stage 6 (S6) of oogenesis (stages are
defined according to [7]). PAR-1 is
specifically localized to the fusome and ring
canals in the germline; therefore, we analyzed
the requirement for par-1 function in the
formation or organization of these germline
structures. (e) We analyzed par-1 mutant
germline clones for fusome assembly by
double labeling germaria with nuclear GFP
(green) to mark wild-type and par-1 mutant
germline cysts and with 1B1 antisera (red) to
mark spectrosomes (Sp) and fusomes (Fu).
Fusome formation and organization in par-1
mutant germline cysts (encircled by white
dots) are indistinguishable from those
observed in wild-type germline cysts. par-1
function is therefore dispensable for fusome
formation. (f–g) We compared the spatial
distribution of ring canals in both (f) wild-type
and (g) par-1 mosaic germarial cysts in
region 2b and 3 by labeling with rhodamine-
conjugated phalloidin. (f) Wild-type germarial
cysts display a highly ordered stereotypical
arrangement of ring canals in both regions
2b and 3; (g) however, par-1 mutant cysts
display clear disruptions in ring canal
organization and spatial distribution (arrow).
Panels (f) and (g) are at the same
magnification. (h–j) We compared both wild-
type and par-1 mosaic egg chambers for ring
canal formation and organization by double
labeling egg chambers with (f) nuclear GFP
to mark par-1 mutant germline cysts and with
(g) rhodamine-conjugated phalloidin to cyst polarity. In the wild-type egg chamber,
visualize the filamentous actin component of which expresses nuclear GFP, the oocyte is
ring canals. Note that not all ring canals within positioned posteriorly, and this reflects the the posterior-most cell in the mutant cyst
these egg chambers are visible in this single- polarization of the germline cyst. (arrowhead) does not display the oocyte-
section confocal image; however, both wild- Furthermore, the oocyte is characterized by specific pattern of four ring canal connections.
type and mosaic egg chambers have the the stereotypic pattern of the four largest ring The disrupted pattern of ring canal
correct number of ring canals (data not canal connections (arrow). However, in the connections in the mosaic egg chamber
shown). (h) A merge of panels (f) and (g) par-1 mosaic egg chamber the pattern of ring indicates that the initial polarity of the mutant
reveals that par-1 is required for establishing canal connections is highly disorganized, and germline cyst was disorganized.
tion of ring canals is manifest as an orderly, linear arrange- However, in par-1 mutant germline cysts (Figure 3g), the
arrangement of ring canals in both region 2b and regionment across the width of the germline cyst (Figure 3f).
Similarly, in region 3 of the germarium, the spatial distri- 3 of the germarium is disrupted. In region 2b (Figure 3g,
arrow), the wild-type linear distribution of ring canals isbution of ring canals remains highly ordered (Figure 3f).
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Figure 4
par-1 is required for the differential
accumulation of oocyte specification factors.
To analyze the role of par-1 in the localization
of oocyte differentiation factors, we
generated par-1 mosaic germline cysts
(encircled by white dots) and compared the
expression patterns of (a,b) Bic-D, (c,d) Orb,
(e,f) Dhc64C, and (g) Staufen proteins in
wild-type versus par-1 mutant clones at early
and later stages of oogenesis. Regions 2b and
3 of the germarium are noted next to brackets
in (a,c,e). We stained par-1 mosaic (a)
germarium and (b) egg chambers with nuclear
GFP (green) to mark par-1 mutant germline
cysts, which appear as devoid of nuclear GFP,
and Bic-D antisera (red) to examine Bic-D
localization to a single cell of the germline cyst.
(a) In wild-type germline cells Bic-D is
properly localized to a single cell in region 2b
of the germarium (arrow). In contrast, Bic-D
fails to localize to a single cell in par-1 mosaic
cysts, but rather it exhibits a diffuse
expression pattern throughout the cyst. (b)
Likewise, in later-stage egg chambers, Bic-D
is localized to the oocyte in wild-type clones
(arrow), but it fails to localize to a single cell
in par-1 mutant egg chambers. par-1 mosaic
(c) germarium and (d) egg chambers stained
with nuclear GFP (green) and Orb antisera
(red). (c) In wild-type germline cysts, Orb
(red) is localized to a single cell in germline
cysts by region 2b of the germarium (arrow);
however, in par-1 mutant cysts there is no
differential accumulation of Orb in a single
cell. (d) Similarly, in wild-type egg chambers
Orb (red) accumulates in the oocyte (arrow),
but it fails to localize to a single cell in par-1
mutant egg chambers. (e,f) Wild-type
germline cysts accumulate Dhc64C (red) in a
single cell of the germline cysts in (e) the (red) to a single cell of the germline cyst. (h,i) subsequently localized to the posterior of the
germarium (arrow) and (f) later-stage egg To investigate the dependence of oskar mRNA developing oocyte. (i) However, in par-1
chambers (arrow); however, this localization localization on par-1 function, we performed mutant egg chambers (arrowheads) there is
is abolished in par-1 germline cysts. (g) In wild- in situ hybridization with an oskar probe in no accumulation of oskar mRNA in a single
type egg chambers that express nuclear (h) wild-type and (i) par-1 mosaic egg cell of the germline cyst. We verified par-1
GFP, Staufen (red) is localized to the oocyte chambers. (h) In wild-type ovarioles, oskar mosaic germline cysts by counterstaining
(arrow); however, in par-1 mutant egg mRNA is first localized to a single cell in region with DAPI to determine the number and size
chambers there is no localization of Staufen 2b of the germarium (arrow) and is of germline nuclei (data not shown).
clearly disrupted; likewise, in region 3, the arrangement par-1 is required for the differential accumulation
of oocyte differentiation factorsof ring canals appears less ordered and more unevenly
distributed. In mosaic egg chambers, the size and location While the precise mechanism of oocyte determination is
unknown, one hallmark of this process is the differentialof the ring canal connections was also disrupted (Figure
3h–j). The most posterior germline cell in the egg cham- accumulation of specific oocyte differentiation factors
within a single cell of the germline cyst (see Background).ber did not display the typical cluster of the four largest
ring canals characteristic of the oocyte (arrowhead, Figure A number of these molecules, including Bic-D, Egl, Orb,
and Dhc64C, appear to be directly involved in this process3j). In contrast, in wild-type egg chambers the oocyte is
invariantly positioned at the posterior and is easily identi- since they are required for determination of the oocyte
[13, 16, 17, 29]. To further define the role of par-1 infied by its four large ring canals at the anterior margin of
the cell (arrow, Figure 3j). Thus, par-1 function is required oocyte determination, we analyzed the expression pattern
of these proteins in par-1 mutant germline clones duringearly in germline cyst formation to establish cyst polarity.
Furthermore, the lack of cyst polarity correlates with the early and late stages of oogenesis and compared that ex-
pression to wild-type control germaria and egg chambers.failure in oocyte determination that results in the differen-
tiation of 16 polyploid nurse cells. In contrast to wild-type germline cysts (Figure 4a), par-1
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mutant cysts fail to maintain the accumulation of Bic-D egg chambers there remains no posterior accumulation of
microtubules or visible MTOC formation (Figure 5j–l).protein in a single cell. In region 2b of the germarium,
Bic-D protein appears to localize to a single cell; however, These results indicate that par-1, like Bic-D and Egl [12],
is required for the formation and/or maintenance of anthis differential localization is not maintained in region 3
of the germarium. Later in oogenesis, par-1 mosaic egg active MTOC within the future oocyte. The even distri-
bution of microtubules within the mutant germline cystschambers also fail to accumulate Bic-D in a single cell
(Figure 4b), but rather they display diffuse expression and egg chambers and the failure to maintain an active
posterior MTOC may account in part for the defects ob-of Bic-D throughout the egg chamber. Similarly, par-1
mutant cysts and egg chambers fail to accumulate Orb served in cyst polarity and, ultimately, oocyte determi-
nation.(Figure 4c, d), Dhc64C (Figure 4e,f), and Staufen (Figure
4g) proteins within a single cell. This failure leads to
To better understand the relationship between par-1diffuse expression throughout the germline cyst or egg
function and microtubule organization, we conducted achamber. To investigate the integrity of the microtubule
detailed analysis of microtubule structure in par-1 mutantnetwork, we analyzed oskar mRNA expression in par-1
germline clones. To examine the dependence of PAR-1mosaic egg chambers by in situ hybridization. oskar local-
localization on an intact microtubule cytoskeleton, we fedization to the future oocyte has previously been shown
adult females with the microtubule depolymerizing drugto require a stable MTOC and microtubule network [14]
colchicine. To assay the effect of the drug on disrupting(see Background). In wild-type ovarioles (Figure 4h),
the microtubule cytoskeleton, we monitored the produc-oskar mRNA is first detected in region 2b (arrow), where
tion of egg chambers containing 16 nurse cells and noit begins to accumulate in a single cell. Subsequently,
oocyte and analyzed microtubule structure by immunoflu-oskar mRNA is localized posteriorly in the oocyte of each
orescence. In a wild-type germarium, PAR-1 is expresseddeveloping egg chamber. In contrast, par-1 mosaic egg
chambers (arrowhead, Figure 4i) fail to accumulate oskar on the spectrosome and the fusome, and the microtubules
mRNA posteriorly. These results indicate that par-1 is display a highly organized network originating from the
required for the differential accumulation of oocyte differ- posterior MTOC (Figure 5m). Following microtubule de-
entiation factors and further suggests that par-1 may func- polymerization, we observed no disruption in the localiza-
tion in establishing and/or maintaining polarity of the tion of PAR-1 to the spectrosome or fusome (Figure 5n).
microtubule network. This indicates that PAR-1 localization within the germline
is independent of microtubules.
par-1 is required in the germline for microtubule
organization Finally, the orientation and attachment of mitotic spindle
In addition to its role in the establishment of axial polarity poles to the fusome during cystocyte divisions is believed
and the localization of morphogens within the developing to ensure the proper pattern of cell divisions necessary
oocyte [21, 40], the microtubule cytoskeleton has a very to generate a polarized cyst [8, 24, 25, 41, 42]. Therefore,
important role in the early events of oocyte determination. we examined spindle orientation in dividing par-1 mutant
The microtubule cytoskeleton is critical in many aspects germline cysts (Figure 5o, arrow). We stained par-1 mu-
of oocyte determination since microtubule depolymeriz- tant germline cysts with antibodies to a-tubulin and the
ing drugs disrupt the accumulation of oocyte differentia- Hts-related antigen 1B1 to label microtubules and fu-
tion factors, such as Bic-D and oskar mRNA, and lead to somes, respectively. We, however, found no apparent de-
the development of cysts with 16 nurse cells [20]. Given fect in spindle orientation or attachment to the fusome
that par-1 is also required for the differential accumulation (Figure 5o).
of oocyte factors and for oocyte determination, we ana-
lyzed the organization of the microtubule cytoskeleton in These results taken together suggest that par-1 regulates
par-1 mutant clones. In wild-type germaria, the oocyte is microtubule dynamics during cyst formation and oocyte
characterized by the presence of an active MTOC (Figure determination by establishing and/or maintaining polar-
5a–c) which organizes the microtubule network within ization of the microtubule network.
the developing germline cyst. In region 3 of the germar-
ium, the MTOC is clearly present in a single posterior par-1 is required for microtubule stabilization
in the follicular epitheliumcell (Figure 5b, arrow). However, in par-1 mutant cysts
there is no apparent posterior MTOC formation (Figure Given that PAR-1 functions to regulate microtubule dy-
namics and cyst polarity in the germline, we sought to5d–f); rather, the microtubules appear evenly distributed
within region 3 of the germarium (Figure 5e, arrow). Simi- test whether par-1 plays similar roles in the somatic follicle
cells. We generated par-1D16 follicle cell clones and stainedlarly, in stage 2 mutant egg chambers, there is no apparent
posterior accumulation of microtubules, but rather the egg chambers to assay both microtubule and epithelial
organization as well as follicle cell polarity. We first ana-microtubules remain evenly distributed within the mutant
cyst (Figure 5g–i). Finally, in later-stage par-1 mosaic lyzed par-1 mutant follicle cell clones by double labeling
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Figure 5
par-1 is required in the germline for microtubule organization. To reveal that PAR-1 is normally localized to the spectrosome (Sp) and
investigate the organization of the microtubule cytoskeleton, we stained fusome (Fu). (n) Germarium stained with anti-PAR-1 (green) and
(a–c) wild-type and (d–l) par-1 mosaic germaria and egg chambers anti–a-tubulin (red) following treatment with the microtubule-
with (a,d,g,j) nuclear GFP to mark par-1 mutant cysts and with depolymerizing drug colchicine. Depolymerization of the microtubule
(b,e,h,k) anti–a-tubulin to visualize microtubule organization. (c,f,i,l) In cytoskeleton was assayed by the examination of egg chambers for a
the merged images, nuclear GFP is green, and a-tubulin is red. 16–nurse cell phenotype as well as by immunofluorescence analysis.
(a–c) In wild-type germaria, a MTOC is clearly distinguishable as a In contrast to (m) the organized nature of the microtubule cytoskeleton
concentration of microtubule staining in the posterior-most cell of in wild-type germaria, in germaria treated with colchicine the
the region 3 germline cyst (b, arrow). (d–f) However, in par-1 mutant microtubules (red) appear highly disorganized; (n) however, PAR-1
germline cysts, marked by the absence of nuclear GFP expression, (green) is normally localized to the spectrosome and fusome, and
there is no apparent posterior MTOC development in region 3 (e, this indicates that the PAR-1 localization is independent of
arrow); rather, the microtubules appear evenly distributed throughout microtubules. (o) High-magnification image of a par-1 mutant mitotic
the cyst. (g–i) In wild-type, early-stage egg chambers the posterior germline cyst (arrow) triple stained with nuclear GFP (green) to mark
MTOC is more clearly visible (h, arrows), however, in par-1 mutant par-1 mutant cysts, anti–a-tubulin (red) to visualize mitotic spindles and
stage 2 (S2) egg chambers there is apparent posterior MTOC and, anti-1B1 (blue)to mark the fusome. No defect was observed in spindle
again, the microtubules appear evenly distributed within the egg orientation or attachment of mitotic spindles to the fusome in par-1
chamber (h, arrowhead). (j–l) Similarly, in later-stage wild-type egg mitotic germline cysts (n 5 15). We show only five of the eight spindles
chambers, there is a clear accumulation of microtubules (k, arrows) in this eight-cell mitotic cyst in order to clearly demonstrate the
in the posterior-most cell of each germline cyst; however, this extension of the fusome into each cell of the cyst and to demonstrate
accumulation is completely abolished in the stage 5 (S5) par-1 the association of one pole of each spindle with one branch of the
mutant egg chamber (k, arrowhead). (m) A wild-type germarium fusome.
probed with anti-PAR-1 antisera (green) and with anti-a-tubulin (red)
with anti–a-tubulin and anti–a-Spectrin antibodies to follicle cell clones (Figure 6a). Moreover, anti-Spectrin
staining reveals defects in epithelial shape and organiza-assay microtubule organization and epithelial integrity,
respectively (Figure 6a–d). In wild-type follicle cells, tion. Wild-type follicle cells at this stage form a columnar
monolayer that surrounds the oocyte; however, par-1 mu-a-tubulin is normally localized to the basolateral mem-
brane (Figure 6c, arrow) in a pattern very similar to that tant follicle cells appear to disrupt this monolayer. By
using anti-Spectrin staining as a cortical marker, we ob-observed for PAR-1 (Figure 2h). However, in par-1 mu-
tant clones, the basolateral a-tubulin expression is com- served two defects in monolayer organization. First, we
found that follicle cells lacking PAR-1 function appearpletely abolished (Figure 6c, arrowhead). The effect on
a-tubulin expression of removing par-1 function is specific to lose their characteristic columnar shape and appear
irregular in size and shape (Figure 6a, arrowhead). Second,since a-Spectrin expression is unaffected in par-1 mutant
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Figure 6
par-1 is required for microtubule stabilization
in the follicular epithelium. (a–c) Posterior-
end-up of a stage 10 egg chamber triple
labeled with (a) anti–a-Spectrin to mark cell
cortices, (b) nuclear GFP to mark par-1 mutant
follicle cells, and (c) anti-a-tubulin to mark
microtubules. (b) In par-1 mutant follicle cell
clones marked by the absence of nuclear
GFP there is no apparent expression of
a-tubulin (c, arrowhead), and this effect of
par-1 appears to be specific for microtubules
since (a) a-Spectrin expression is unaffected in
par-1 mutant follicle cell clones. (a) Moreover,
a-Spectrin staining reveals disruptions in the
follicle cell monolayer both in cell size and
shape (arrowhead) as well as defects in
which two follicle cells appear to be stacked
on top of one another rather than in a
monolayer (arrow). (d) A merge of panels
(a–c). (e–g) Posterior-end-up of a stage 9
egg chamber triple labeled with (e) anti-
Armadillo to mark apical adherens junctions
and cell-cell contact, (f) nuclear GFP to mark
par-1 mutant follicle cells, and (g) anti-a-
tubulin to mark microtubules. (e) In contrast
to the polarized accumulation of Armadillo
observed in wild-type follicle cells (arrows),
there is no apical accumulation of Armadillo
in par-1 mutant follicle cells (arrowhead);
rather, Armadillo appears to be weakened and
evenly distributed on the follicle cell
membrane. (h) A merge of panels (e–g). (i–k)
Apical cross section of the follicle cell layer
covering a stage 10 oocyte triple labeled as
in (e–g). In addition to (k) the destabilization
of tubulin observed in par-1 mutant clones,
there is also (i) disruption of Armadillo
expression (arrow) at the apical cortex of
these mutant follicle cells. (l) A merge of GFP to mark par-1 mutant follicle cells, and and lateral membranes of follicle cells. (p)
panels (i–k). (m–o) Stage 6 egg chamber triple (o) anti–a-tubulin to mark the microtubule Merge of panels (M-O) with the mutant follicle
labeled with (m) anti-Neurotactin to mark cytoskeleton. In the absence of par-1 function, cell monolayer outlined by the white dots.
apical and lateral membranes, (n) nuclear (m) Neurotactin is abolished from both apical
we observed a disruption in the monolayer such that two epithelial polarity, respectively (Figure 6e–l). Armadillo
follicle cells appear to be stacked on top of one another displays a polarized accumulation within follicle cells with
rather than in a monolayer (Figure 6a, arrow). This result intense staining apically in the adherens junctions as well
suggests that disruption in the monolayer may lead to a as laterally between cell surfaces. In contrast to the polar-
reorientation or randomization of the plane of division in ized pattern of Arm accumulation in wild-type follicle
par-1 mutant follicle cells. An alternative and equally cells (Figure 6e, arrow), par-1 mutant follicle cells display
probable interpretation could be that mutant follicle cell an even and slightly weakened distribution of Arm protein
division occurs normally; however, following division (Figure 6e, arrowhead). Furthermore, in an apical cross
there may be a reorientation of the mutant follicle cells section, it is clear that par-1 mutant follicle cells display
perpendicular to the wild-type orientation. a highly disrupted pattern of Arm expression along the
cell cortex (Figure 6i, arrow). These defects in Arm accu-
mulation suggest a loss of polarity within the par-1 mutantSince par-1 is required in follicle cells to organize and/or
follicle cells and further indicate that PAR-1 may functionstabilize the microtubule cytoskeleton as well as to main-
to organize and restrict the basolateral membrane domaintain the integrity of the epithelial monolayer, we analyzed
within follicle cells since removing par-1 function leadsthe potential role of par-1 in the establishment and/or
to a loss of this apical Arm restriction (Figure 6l). Tomaintenance of follicle cell polarity. We labeled mutant
further assay the role of par-1 in organizing the basolateralfollicle cell clones anti–a-tubulin and anti-Armadillo
(Arm) antibodies to assay microtubule organization and membrane domain, we stained mosaic egg chambers with
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anti-Neurotactin to assay both apical and lateral mem- germline cyst with a single oocyte [44]. In wild-type germ-
line cysts, microtubules first focus on the fusome beforebrane integrity (Figure 6m–p). Neurotactin is a transmem-
brane glycoprotein expressed in epithelial tissues along becoming restricted to the oocyte; however, in hts1 mutant
germline cysts, which lack fusomes, there is no centralthe apical and lateral membranes. Similar to the effects of
par-1 on microtubule stabilization, we observed a dramatic focus of microtubules. This finding indicates the require-
ment of the fusome to organize the complex and dynamicdestabilization of both apical and lateral Neurotactin ex-
pression in par-1 mutant follicle cell clones (Figure 6m, microtubule array [44]. However, the mechanisms by
which the fusome organizes the microtubule network andarrow). These results taken together strongly suggest that
PAR-1 is required to organize the microtubule cytoskele- affects oocyte differentiation remain largely unknown.
ton as well as maintain polarity within the follicular epi-
Analysis of par-1 germline cysts reveals that par-1 is notthelium.
required for fusome assembly. The fusome is rich in mem-
brane skeletal proteins, which not surprisingly play a roleDiscussion
In this paper we have presented evidence that the par-1 in maintaining fusome structure and integrity. However,
as a kinase the PAR-1 protein is more likely to play agene, in addition to its previously defined role in axis
formation [32, 33], is required early in oogenesis for estab- regulatory role on the fusome, so it is perhaps not unex-
pected that PAR-1 function is dispensable for fusomelishing and maintaining germline cyst polarity and, subse-
quently, for oocyte differentiation. PAR-1 appears to me- formation. PAR-1 is localized to the fusome during the
first cystoblast division, at which time there is an unequaldiate microtubule dynamics within the developing cyst
in order to generate a polarized microtubule network. segregation of fusomal material to one of the two pro-
oocytes [8, 24]. This asymmetric segregation of PAR-1 onSimilarly, in the follicular epithelium, PAR-1 is specifi-
cally required for microtubule stabilization and follicle the fusome may play a role in establishing initial cyst
polarity. In fact, recent studies strongly suggest that acell polarization. Our results demonstrate that par-1 is
required for regulating microtubule dynamics in order to persistent asymmetry within the fusome stores early polar-
ity information for use in fully mature cysts [44]. Theensure proper cyst polarity and oocyte differentiation.
establishment of polarity within the cyst is therefore likely
par-1 is required for cyst polarity, oocyte differentiation, carried out through an activity of the fusome on microtu-
and microtubule organization bule organization.
Consistent with previous studies on par-1 [32], our analy-
ses of par-1 null germline cysts revealed defects in micro- The fusome associates with only one pole of the mitotic
spindle during cystocyte divisions [8] and is required totubule organization and MTOC formation as well as dis-
ruptions in cyst polarity and oocyte differentiation. The orient the mitotic spindles to ensure proper cyst polarity.
Our analyses indicate that PAR-1 function is dispensablefailure to accumulate oocyte differentiation factors such
as Bic-D, Orb, Dhc64C, and oskar mRNA in a single cell on the fusome for proper orientation of mitotic spindles;
however, PAR-1 is required for MTOC formation and thesuggests that par-1 is required to establish and maintain
a polarized microtubule transport system that directs accu- assembly of a polarized microtubule network. Further-
more, we demonstrate that PAR-1 localization to the fu-mulation of determinants within the pro-oocyte. The dis-
rupted pattern of ring canal connections observed in par-1 some is microtubule independent. The localization of
PAR-1 to the fusome could reflect a direct interaction ofmosaic germarial cysts and egg chambers suggest that
PAR-1 function is required in the very initial stages for PAR-1 with the microtubules present within the fusome
such that par-1 activity regulates microtubule dynamicsestablishing cyst polarity. In the absence of proper cyst
polarity, the microtubule transport system may fail to as- in the establishment of a polarized microtubule array.
Alternatively, par-1 activity may be required for the local-semble or may assemble incorrectly, which may block
oocyte differentiation. ization or phosphorylation of some critical factor “X” on
the fusome, which in turn may function to regulate micro-
How then does par-1 link cyst polarity and oocyte differ- tubule dynamics. In either case, as a fusome component,
entiation with the establishment and maintenance of a par-1 plays a critical role in the organization of the microtu-
polarized microtubule network? The localization of PAR-1 bule network and may therefore be an integral part of
to the fusome may provide the key to understanding how the mechanism(s) by which the fusome affects cyst polar-
these processes are linked by par-1. Recent studies using ity and oocyte differentiation.
a GFP-tubulin construct that allows visualization of germ
cell microtubules reveals that microtubules associate di- One could argue that the microtubule organization in
par-1 mutant cysts is disrupted by a fusome-independentrectly with the fusome in a cell cycle–dependent fashion
[44]. The fusome interacts with and organizes the micro- mechanism. PAR-1 protein is incorporated into maturing
ring canals in region 2b of the germarium, and this findingtubule network in both mitotic and meiotic cysts, and
this contributes to the production of a polarized 16-cell raises the possibility that ring canals, rather than the fu-
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some, may mediate microtubule polarization. However, function in a similar manner to mammalian MARKs in
generating cell polarity and a polarized microtubule cy-this interpretation is not supported by the literature be-
toskeleton. The par-1 null allele reveals an additional rolecause the microtubule network associates with the fusome
for par-1 during embryonic development since the nulland not the ring canals [44], and this association is de-
allele is homozygous lethal. Therefore, it will be interest-tected prior to the localization of PAR-1 to ring canals in
ing to determine whether this zygotic requirement forregion 2b. Therefore, the PAR-1 localization to the fu-
par-1 is similarly involved in cell polarization.some, rather than the ring canals, is responsible for or-
ganizing microtubules during early germ cell devel-
Materials and methodsopment.
Generation of the par-1 null allele
To generate loss-of-function alleles in Drosophila par-1 (par-1), we per-PAR-1 regulates microtubule stabilization
formed imprecise excision of the P-element insertion in the l(2)k06323
in the follicle cells strain. This P-element is inserted in the second intron of the par-1 cDNA
PAR-1 is expressed in the somatic follicle cells, where (nucleotide position 78,283 in P1 DS07982). We used male w2 flies
resulting from P-element excision events to establish individual balancedit is enriched on the basolateral membrane of polarized
lines. We pooled together 40 flies from 10 individual lines (4 flies perepithelial cells. Analysis of par-1 mutant follicle cell clones
line) for genomic DNA preparation, and we made 20 pools of DNA,indicates that PAR-1 is specifically required to stabilize or representing 200 individual lines. Using combinations of PCR primers,
organize the microtubule cytoskeleton. PAR-1 colocalizes with one primer located upstream of the original P insertion and the
other primer downstream of the par-1 coding region, we performed long-with microtubules along the basolateral membrane, and
range PCR to detect deletion events. One pool was identified thatthis finding suggests that PAR-1 may influence microtu-
contained a 16 Kb deletion within the par-1 genomic locus. This deletionbule structure by directly interacting with the microtubule event removed most of the coding sequences 39 of the original P-element
cytoskeleton. In addition, PAR-1 is required to maintain insertion and included the entire kinase domain. By performing PCR on
individual lines from this positive pool, we recovered the line that harborsepithelial integrity and polarity within the follicular mono-
this deletion event and is referred to as par-1D16. For clonal analysislayer surrounding the oocyte. The mammalian MARK
(see below), we recombined the par-1D16 null allele onto the FRTG13proteins phosphorylate the microtubule-associated pro-
chromosome to generate the FRTG13 par-1D16 recombinant chromosome.
teins tau, MAP2, and MAP4 and thus cause their dis-
sociation from microtubules and increase microtubule dy- Drosophila strains and genetic clonal analysis
namics [45, 46]. Furthermore, overexpression of MARK In addition to the par-1 strains, the following strains were used for
germline clonal analysis: yw P[ry1; hsFLP]12; Sco/CyO, w; P[mini w1;proteins leads to the hyperphosphorylation of microtu-
ovoD1]2R-32x9/ S Sp Ms(2)M bwD/CyO [36], w; P[mini w1; FRT]2R-G13,bule-associated proteins and to the disruption of the mi-
yw hsFLP1; FRTG13-ubi-nlsGFP (a gift of S. Luschnig, Tubingen). Canton
crotubule array, which affects cell polarity [34, 35]. The S serves as the wild-type strain in all experiments. The FRTG13-nlsGFP
defects observed in microtubule organization of par-1 chromosome bears a poly-ubiquitin promoter that drives ubiquitous nu-
clear expression of GFP.germline (see above) and somatic clones suggests PAR-1
may regulate microtubule dynamics in a manner consis-
Germline or follicle cell clones were generated with the FLP/FRT tech-
tent with that of their mammalian MARK homologs. How- nique [36, 37]. To generate par-1 mutant clones in the germline and
soma, yw; FRTG13 par-1/CyO males were mated to yw hsFLP1; FRTG13-ever, it remains to be determined whether par-1 kinase
nlsGFP/FRT G13-nlsGFP virgin females to produce yw hsFLP1/yw;phosphorylates microtubule-associated proteins or some
FRTG13 par-1/FRTG13-nlsGFP progeny. The parental adults were trans-other cellular targets in the Drosophila ovary in order to
ferred to fresh vials every 2 days. We heat shocked larvae from these
regulate microtubule dynamics. vials once daily for 1 hr in a 378C water bath on days 3 and 4 to induce
mitotic recombination immediately prior to the onset of oogenesis at the
late third-instar stage [48]. After eclosion, adult yw hsFLP1/yw; FRTG13PAR-1 and cell polarization
par-1/FRTG13-nlsGFP females were transferred to fresh food at roomThe PAR-1/MARK/KIN1 family kinases share a con-
temperature, and ovaries were dissected 7–10 days after eclosion. Ova-
served function in establishing cell polarity in a wide ries were subsequently processed for immunofluorescence as described
range of organisms and cell types [47, 32]. The results below; clones are identified by the absence of nuclear GFP expression.
presented here demonstrate that par-1, in addition to
Immunohistochemistry and in situ hybridizationpolarizing the oocyte microtubule cytoskeleton late in
Wild-type and mutant ovaries from adult females were dissected, fixed,oogenesis, functions to regulate MTOC formation and
and stained as described in Lin et al. [28]. Fixation and staining for
microtubule organization in the early Drosophila germline microtubules was performed according to Theurkauf [43]. For immunoflu-
orescence staining the following antisera were used: rabbit anti-DPar1during oocyte differentiation. Furthermore, par-1 activity
(1:5000; Sun et al., [35]), rabbit anti-Stau (1:5000; [49]), mouse anti-is required to stabilize the microtubule cytoskeleton in
BicD (1:20; [16]), mouse anti–a-tubulin DM1a (1:500; Sigma), mousepolarized follicular epithelium. The polarized localization
anti-1B1 (1:10; Developmental Studies Hybridoma Bank [DSHB]),
of PAR-1 on the fusome and to basolateral membranes of mouse anti-Neurotactin BP106 (1:5; DSHB), mouse anti-Armadillo
(1:100; DSHB), rabbit anti-Spectrin (1:200; [50]), rat anti–a-tubulinfollicle cells suggest that par-1 may regulate microtubule
(1:10; Accurate Chemical Company), mouse anti-Orb (1:30; DSHB), anddynamics by direct interaction with the microtubule cy-
mouse anti-dynein P1H4 (1:500; [29]). We used rhodamine-conjugatedtoskeleton. Given the similarities in the expression pat-
phalloidin (Sigma) at 1:50 to visualize filamentous actin in ring canals.
terns of PAR-1 and mammalian MARK homologs in polar- Fluorescence-conjugated secondary antibodies to Cy5, FITC, and LRSC
were used at 1:200 dilution (Jackson Immunoresearch Laboratory).ized epithelia, it is tempting to speculate that PAR-1 may
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structure and function of germline chromosomes.Counterstaining immunofluorescently labeled samples with one of the
Development 1997, 124:1419-1431.following dyes allowed DNA visualization: propidium iodide, Oli-Green
19. Mach J, Lehmann R: An Egalitarian-Bicaudal-D complex is(1:10,000; Molecular Probes), or DAPI. Micrographs were taken with
essential for oocyte specification and axis determinationeither a BioRad MRC-600 confocal laser mounted on a Zeiss Axioplan
in Drosophila. Genes Dev 1997, 11:423-435.
or a BioRad MRC 1024ES confocal laser mounted on a Nikon Eclipse 20. Theurkauf WE, Alberts BM, Jan YN, Jongens TA: A central role for
TE300 microscope. Images were processed with Adobe Photoshop microtubules in the differentiation of Drosophila oocytes.
(Adobe Systems). Whole-mount in situ hybridization was carried out Development 1993, 118:1169-1180.
according to Yue and Spradling [27]; Digoxigenin-UTP (Boehringer Mann- 21. Theurkauf WE, Smiley S, Wong ML, Alberts BM: Reorganization
of the cytoskeleton during Drosophila oogenesis:heim)–labeled oskar cDNA was used as a probe [14]. For microtubule-
implications for axis specification and intercellular transport.depolymerization experiments, flies were fed yeast paste containing 50
Development 1992, 115:923-936.mg ml21 colchicine for 14–18 hr.
22. Mohler J, Wieschaus E: Dominant maternal-effect mutations of
Drosophila melanogaster causing the production of doubleAcknowledgements abdomen embryos. Genetics 1986, 112:803-822.
We are very grateful to the following individuals, who provided valuable 23. Schupbach T, Wieschaus E: Maternal-effect mutations altering
reagents: H. Lin, B. Suter, T. Hays, D. St. Johnston, A. Ephrussi, and S. the anterior-posterior pattern of the Drosophila embryo.
Luschnig. We also thank L. Ackerman for technical assistance in confocal Wilhelm Roux Arch 1986, 195:302-317.
imaging. D. N. C. was supported in part by a fellowship from the Jane Coffin 24. deCuevas M, Spradling AC: Morphogenesis of the Drosophila
Childs Fund for Medical Research, and B.L. was supported by a National fusome and its implications for oocyte specification.
Institutes of Health NRSA Fellowship. Y. N. J. is an Investigator of the Howard Development 1998, 125:2781-2789.
Hughes Medical Institute. 25. Telfer WH: Development and physiology of the oocyte-nurse
cell syncytium. Adv Insect Physiol 1975, 11:223-319.
26. deCuevas M, Lee JK, Spradling AC: alpha-spectrin is requiredReferences
for germline cell division and differentiation in the1. Horvitz HR, Herskowitz I: Mechanisms of asymmetric cell
Drosophila ovary. Development 1996, 122:3659-3968.division: two B’s or not two B’s, that is the question. Cell
27. Yue L, Spradling A: hu-li tai shao, a gene required for ring canal1992, 68:237-255.
formation during Drosophila oogenesis, encodes a2. Rhyu MS, Knoblich JA: Spindle orientation and asymmetric cell
homolog of adducin. Genes Dev 1992, 6:2443-2454.fate. Cell 1995, 82:523-526.
3. White J, Strome S: Cleavage plane specification in C. elegans: 28. Lin H, Yue L, Spradling AC: The Drosophila fusome, a germline-
specific organelle, contains membrane skeletal proteinshow to divide the spoils. Cell 1996, 84:195-198.
4. Jan YN, Jan LY: Polarity in cell division: what frames thy fearful and functions in cyst formation. Development 1994, 120:947-
956.asymmetry. Cell 2000, 100:599-602.
5. Kemphues KJ, Priess JR, Morton DG, Cheng N: Identification of 29. McGrail M, Hays TS: The microtubule motor cytoplasmic dynein
is required for spindle orientation during germline cellgenes required for cytoplasmic localization in early C.
elegans. Cell 1988, 52:311-320. divisions and oocyte differentiation in Drosophila.
Development 1997, 124:2409-2419.6. Kraut R, Chia W, Jan LY, Jan YN, Knoblich JA: Role of inscuteable
in orienting asymmetric cell divisions in. Drosophila Nature 30. Huynh JR, St. Johnston D: The role of BicD, Egl, Orb and the
microtubules in the restriction of meiosis to the Drosophila1996, 383:50-55.
7. Spradling AC: Developmental Genetics of Oogenesis. In oocyte. Development 2000, 127:2785-2794.
31. Guo S, Kemphues KJ: par-1, a gene required for establishingDrosophila Development. Edited by Bate M, Martinez-Arias A. New
York: Cold Spring Harbor Laboratory Press; 1993:1-70. polarity in C. elegans embryos, encodes a putative Ser/Thr
kinase that is asymmetrically distributed. Cell 1995, 81:611-8. Lin H, Spradling AC: Fusome asymmetry and oocyte
determination. Dev Genet 1995, 16:6-12. 620.
32. Shulman JM, Benton R, St. Johnston D: The Drosophila homolog9. Deng W, Lin H: Spectrosomes and fusomes are essential for
anchoring mitotic spindles during asymmetric germ cell of C. elegans PAR-1 organizes the oocyte cytoskeleton and
directs oskar mRNA localization to the posterior pole. Celldivisions and for the microtubule-based RNA transport during
oocyte specification in Drosophila. Dev Biol 1997, 189:79-94. 2000, 101:377-388.
33. Tomancak P, Piano F, Riechmann V, Gunsalus KC, Kemphues KJ,10. Carpenter ATC: Electron microscopy of meiosis in Drosophila
melanogaster females. I. Structure, arrangement, and Ephrussi A: A Drosophila melanogaster homologue of
Caenorhabditis elegans par-1 acts at an early step intemporal change of the synaptonemal complex in wild-type.
Chromosoma 1975, 51:157-182. embryonic axis formation. Nat Cell Biol 2000, 2:458-460.
34. Bohm H, Brinkmann V, Drab M, Henske A, Kurzchalia TV:11. Mahowald AP, Strassheim JM: Intercellular migration of
centrioles in the germarium of Drosophila melanogaster. J Cell Mammalian homologues of C. elegans PAR-1 are
asymmetrically localized in epithelial cells and may influenceBiol 1970, 45:306-320.
12. Suter B, Romberg L, Steward R: Bicaudal-D, a Drosophila gene their polarity. Curr Biol 1997, 7:R603-R606.
35. Drewes G, Ebneth A, Preuss U, Mandelkow EV, Mandelkow E:involved in developmental asymmetry: localized transcript
accumulation in ovaries and sequence similarity to myosin MARK, a novel family of protein kinases that phosphorylate
microtubule-associated proteins and trigger microtubuleheavy chain tail domain. Genes Dev 1989, 3:1957-1968.
13. Wharton RP, Struhl G: Structure of the Drosophila Bicaudal-D disruption. Cell 1997, 89:297-308.
36. Chou T, Perrimon N: The autosomal FLP-DFS technique forprotein and its role in localizing the posterior determinant
nanos. Cell 1989, 59:881-892. generating germline mosaics in Drosophila melanogaster.
Genetics 1996, 144:1673-1679.14. Ephrussi A, Dickinson LK, Lehmann R: Oskar organizes the germ
plasm and directs localization of the posterior determinant 37. Xu T, Rubin GM: Analysis of genetic mosaics in developing
and adult Drosophila tissues. Development 1992, 117:1223-nanos. Cell 1991, 66:37-50.
15. Kim-Ha J, Smith JL, MacDonald PM: oskar mRNA is localized to 1237.
38. Zaccai M, Lipshitz HD: Differential distributions of two adducin-the posterior pole of the Drosophila embryo. Cell 1991,
66:23-35. like protein isoforms in the Drosophila ovary and early
embryo. Zygote 1996, 4:159-166.16. Suter B, Steward R: Requirement for phosphorylation and
localization of the Bicaudal-D protein in Drosophila oocyte 39. Theurkauf WE: Oocyte differentiation: a motor makes a
difference. Curr Biol 1997, 7:R548-R551.differentiation. Cell 1991, 67:917-926.
17. Lantz V, Chang J, Horabin J, Bopp D, Schedl P: The Drosophila 40. Lane ME, Kalderon D: RNA localization along the
anteroposterior axis of the Drosophila oocyte requiresorb RNA-binding protein is required for the formation of
the egg chamber and establishment of polarity. Genes Dev PKA-mediated signal transduction to direct normal
microtubule organization. Genes Dev 1994, 8:2986-2995.1994, 8:598-613.
18. Keyes L, Spradling A: The Drosophila gene fs(2)cup interacts 41. King RC, Cassidy JD, Rousset A: The formation of clones of
interconnected cells during gametogenesis in insects. Inwith otu to define a cytoplasmic pathway required for the
Research Paper Role of par-1 in oocyte differentiation Cox et al 87
Insect Ultrastructure. Edited by King RC, Akai H. New York: Plenum
Press; 1982:3-31.
42. Storto PD, King RC: The role of polyfusomes in generating
branched chains of cystocytes during Drosophila
oogenesis. Dev Genet 1989, 10:70-86.
43. Theurkauf WE: Microtubules and cytoplasm organization
during Drosophila oogenesis. Dev Biol 1994, 165:352-360.
44. Grieder NC, deCuevas M, Spradling AC: The fusome organizes
the microtubule network during oocyte differentiation in
Drosophila. Development 2000, 127:4253-4264.
45. Drewes G, Trinczek B, Illenberger S, Biernat J, Schmitt-Ulms G,
Meyer HE, et al.: p110mark: a novel protein kinase that
regulates tau-microtubule interactions and dynamic
instability by phosphorylation at the Alzheimer-specific site
Serine 262. J Biol Chem 1995, 270:7679-7688.
46. Illenberger S, Drewes G, Trinczek B, Biernat J, Meyer HE, Olmstedt
JB, et al.: Phosphorylation of microtubule-associated
proteins MAP2 and MAP4 by the protein kinase p110mark. J
Biol Chem 1996, 271:10834-10843.
47. Kemphues K: PARsing embryonic polarity. Cell 2000, 101:345-
348.
48. Cox DN, Chao A, Baker J, Chang L, Qiao D, Lin H: A novel class
of evolutionarily conserved genes defined by piwi are
essential for stem cell self-renewal. Genes Dev 1998, 12:3715-
3727.
49. St. Johnston D, Beuchle D, Nusslein-Volhard C: Staufen, a gene
required to localize maternal RNAs in the Drosophila egg.
Cell 1991, 66:51-63.
50. Byers TJ, Dubreuil RR, Branton D, Kiehart DP, Goldstein LSB:
Drosophila Spectrin II: Conserved features of the alpha-
subunit are revealed by analysis of cDNA clones and fusion
proteins. J Cell Biol 1987, 105:2103-2110.
